INTRODUCTION
Oligophenols produced by the condensation of phenol and formaldehyde, in particular the novolac resins (NPFRs) [1] , are widely used as curing agents for epoxy resins in different areas of application [2] [3] [4] [5] . Information on their use largely concerns the properties of the final curing products. Questions of the kinetics and mechanism of the reaction, with the aim of establishing the optimum production regimes with their participation, have been studied inadequately [6, 7] . In particular, there are no data on the influence of the molecular weight or functionality of NPFRs on the kinetics of the process of their interaction with epoxides, although it is known [8] that the functionality of NPFRs has a considerable influence on the physicomechanical properties of epoxy-novolac polymers. The question of the influence of this factor on the reactivity of phenolic groups of the curing agent and on the completeness of their conversion remains unanswered. It is known [9) that, by using polyphenols as curing agents, the topological limit of curing of the final crosslinked polymer is lowered (α ∞ = 0.85) by comparison with the topological limit for epoxy-amine polymers (α ∞ = 0.95 [10] . This result is explained [9] by the stronger steric hindrances for the interaction of functional groups in epoxy-phenol systems.
The aim of the present work was to study the influence of the molecular weight and functionality of NPFRs on their reactivity in a wide temperature range.
EXPERIMENTAL
The epoxy resin used was resorcinol diglycidyl ether purified by high-vacuum distillation. NPFR with a variable (according to the ratio of phenol and formaldehyde) average functionality was synthesised by the procedure described in [11] and used without additional purification.
The analogues used for comparison were an already studied [6] monofunctional phenol and also low and high molecular weight novolac resins of industrial grades SF-0121 (TU 6-05-031-523-77) and SF-010 (GOST 18694-80). Phenol and also sulpholane, which is used as a solvent, with a high solvating capacity, was purified by distillation in high vacuum.
The reaction of epoxy and phenolic groups was studied from the initial rates determined from differential calorimetric curves taken in a wide temperature range on a low-inertia EK-2 calorimeter designed by the Institute of Chemical Physics Problems [12] .
RESULTS AND DISCUSSION
Phenolic nuclei of oligophenols can be connected to each other by ortho, ortho-ortho, para, and para-paramethylene bridges [13] .
The typical orthodirected structure of oligophenol that is most likely to be realised during synthesis is as follows:
From this structural scheme it can be seen that the functionality of the resin is closely related to the molecular weight. Increase in functionality per unit should increase the molecular weight of the resin by 93. Investigations of NPFRs by gel permeation chromatography (the authors are grateful for the help of A. I. Kuzaev) showed that the oligophenols synthesised have a fairly wide molecular weight distribution and, consequently, functionality distribution ( Figure 1) . As can be seen from Table 1 , with variation in the phenol/formaldehyde ratio from 10:1 to 10:7, the number-average molecular weight, M n , of NPFRs varies from 232 to 556, and the average functionality, f n , varies from 2.3 to 5.32. There is also a marked change in the mass ratio of fractions with n = 0 (F 2 ) and n = 1 (F 3 ), and also more high molecular weight fractions (HMWFs). At the same time, the weight percentage of phenolic groups in NPFRs with a variable functionality hardly changes. In the kinetic regard, this should have resulted in equality of the curing rates in the presence of these resins. However, in the calorimetric study of curing rates in a wide temperature range, unexpected results were obtained.
As can be seen from Figure 2a , which gives the Arrhenius dependences for the initial rates of the reaction of diepoxide with oligophenols in block, with increase in the functionality of NPFRs there is a considerable fall in the effective activation energies E a , the greatest value of E a being possessed by monofunctional phenol. Additions of small quantities of phenol, amounting to 6 wt.% (its characteristic content as an impurity in industrial grades of NPFRs), to a mixture containing oligophenol with a functionality of 5.3 also lead to a sharp increase in the E a values (Figure 2b) .
Note that an increase in the activation energy of the curing of the binder is an extremely important factor during the moulding of articles of composites based on semiproduct prepregs [14] . The higher the values of E a , the lower is the reactivity of the binder (the higher the working life of the prepreg) at storage temperature and the higher is the reactivity of the binder at the moulding temperature. Table 2 presents values of the given initial rates (W/E 0 = W 0 20 , where E 0 is the number of moles of epoxy groups in the sample) at prepreg room storage temperature, W 0 20 , and at composite moulding temperature, W 0 160 , and also the values of the activation energy E a in block and in solution and the pre-exponential factor, A, in the equation W 0 = A e -E/RT . The table compares the indices for the NPFRs synthesised by them with similar indices for phenol and industrial grades of NPFR: SF-010 (formerly resin 18) and SF-0121. It must be pointed out that, according to [15] , the above indices constitute the kinetic base for primary selection of binders with a long working life. From Table 2 it can be seen that, with increase in the functionality of NPFRs, their reactivity at storage temperature increases appreciably. The greatest kinetic working life, with the lowest value of W 0 20 [15] , among the oligophenolic curing agents investigated, is possessed by high molecular weight resin of industrial grade SF-010.
This result seems to be due to the high content of free phenol in this resin (7-9 wt.%), since phenol independently (row 1) and when added to highly functional resin (row 7) increases the values of E a and A. At the same time, the values of W 0 160 with increase in functionality tend to decrease. The highest value of W 0 160 is possessed by resin of industrial grade SF-0121.
Thus, the optimum choice of functionality of NPFRs, including a monofunctional additive, makes it possible kinetically to control the important technological characteristics of prepregs. In an investigation of the kinetics of curing of these compositions in a sulpholane solution, the influence of the functionality of the NPFR on E a of the reaction is practically absent. The activation energies for all NPFRs become equal to the E a value for phenol (Figure 3) .
The observed results can be attributed to the pronounced tendency of phenols towards self-association. Monophenols are characterised by the effect of intermolecular association with the formation of associates of linear (I) and cyclic form (II): 
It is well known [16] that, the greater the completeness of saturation of hydrogen bonds and the degree of delocalisation of the electron density in autocomplexes, the more stable and the less reactive they are. More stable cyclic associates of monophenols, possessing higher values of enthalpy of the complexing reaction (6-8 kcal/mol), should make a greater positive contribution to the effective values of E a of the reaction of oligophenols with epoxides, increasing the activation energy. The reaction of diepoxide with monophenol therefore has the highest activation energy.
In oligophenols, the formation of intermolecular cyclic associates is sterically hindered. The main form seems to be linear intramolecular association, leading to rolling up (globulisation) of oligophenol chains [17] . This tendency should increase with increase in the molecular weight of the oligophenols. From this it follows that the reactivity of phenolic groups in oligophenols may be higher on account of the formation of less stable associates, but their steric accessibility for reagents may be lower (on account of convolution into coils) than for monophenol. This may be illustrated by the following example. With increase in the functionality of NPFRs from 2.3 to 5.3, the degree of epoxidation of oligophenols using epichlorohydrin decreases from 81 to 63%, and for monophenol it amounts to 90-95%.
The introduction of sulpholane, which possesses a high solvating capacity, leads to the breakdown of associates of phenolic groups through the formation of alternative complexes with solvent. This leads to complete saturation of all hydrogen bonds of the reaction system and, apparently, to the formation of unfolded conformations of oligophenols. From this stems the observed increase in the activation energies. The introduction of small additions of monophenol to highly functional oligophenols should also promote the formation of a new quality of H-complexes, with greater stability resulting in an increase in the E a values.
It must be pointed out that ideas concerning the structural and kinetic influence of the molecular weight (functionality) of NPFRs, as a result of self-association and globulisation of curing agent molecules, are in good agreement with the known effect of low molecular weight tertiary amines on the kinetics, structure, and properties of EPPR [18] . Molecules of tertiary amine, generally forming high-strength hydrogen bonds with hydroxyl groups [19, 20] , seem, like molecules of monophenol, to be capable of penetrating into globulised chains of NPFRs, promoting their untwisting and an increase in the accessibility of phenolic groups. The increase in activation energy and in the completeness of the process of phenolic curing and also the reduction in the degree of structural microinhomogeneity of EPPRs, observed in the presence of tertiary amine [18] , seem to follow from this.
An important practical consequence of the effect of self-association (globulisation) of oligophenols that is observed in kinetics is loss of the actual stoichiometric ratio of epoxy and phenolic groups in the composite to be cured. As a result of this, excess epoxy groups can enter into secondary reaction with secondary alcoholic groups formed by the opening of epoxy groups in the main reaction. In the structural regard, this should lead to the formation of fragments of a network of polymerisation nature [18] , causing a reduction in the strength and deformation properties of epoxy-phenol binders [21] . Furthermore, unreacted globilised molecules of oligophenols can act as a polymeric filler, the relaxation behaviour of which differs from the behaviour of a threedimensional structure as a whole. This is borne out by data of dynamic mechanical investigations (method of flexural resonance vibrations [22] ). In the relaxation spectra of the epoxy-phenol binder, at the initial stage of curing, besides the main α-relaxation peak, there is a higher-temperature ϕ-peak, the intensity of which decreases as the temperature or holding time increases. The appearance of these peaks is characteristic of industrial high-melting grades of NPFRs containing high molecular weight fractions, for example SF-010. In the case of lowmelting NPFRs of the laboratory type, this peak is absent [22] . The inhibition of molecular mobility in rolled up, globularised chains of NPFRs (shift of the ϕ-process of relaxation towards high temperatures) may be due to a high degree of cooperation of their relaxation behaviour, i.e. the need, in the event of motion (change in conformation), for simultaneous rupture of several hydrogen bonds.
Thus, the molecular weight or functionality of NPFRs has a considerable influence on their reactivity, and also on the completeness of curing and the degree of structural microinhomogeneity of epoxy-phenol binders. The main reason for this is the strong tendency of NPFRs towards selfassociation and, consequently, towards rolling up into globules, which increases with increase in the molecular weight of the NPFRs. The low molecular weight agentsphenols and tertiary amines -are capable of lowering the degree of globulisation of polyphenolic chains.
